By George E. Hale.
In the October (1894) number of Astronomy and AstroPhysics I described the various methods that have been employed for the purpose of observing the corona without an eclipse.
Unfortunately, I was unable to show that any measure of success had attended the numerous investigations conducted with this end in view, nor was it possible to conclude the paper with the expression of any very confident hope of an early solution of the problem.
An account of Professor Riccö's experiments with the spectroheliograph which I had left on Mount Etna was published in the January number of The Astrophysical Journal. In spite of the fact that the atmospheric conditions enjoyed by Professor Riccô were certainly excellent, the method failed of success. The coronal forms shown on the best negatives obtained are probably of atmospheric origin. They fail to show any of the true coronal structure, and the intensity of the halo around the solar image falls off gradually and uniformly as the distance from the limb increases. On account of the brightness df the sky it was necessary to give an exposure much too short for the comparatively feeble light of the corona. It is true that the speculum had been considerably tarnished by the fumes of the volcano, and with a perfect mirror the photographs would have been better. But a careful study of the experiments and results has led to the conclusion that even with perfect apparatus it would have been practically impossible to photograph the corona by the method employed, without much superior and possibly unattainable atmospheric conditions.
It would thus seem that the K band offers insufificient protection against the brilliant light of the sky.
The photographic plate is unable, even when exposed only to this com-318 1. . 318H METHOD OE MAPPING THE SOLAR CORONA 319 paratively dark band, to distinguish between the light of the sky and that of the corona and sky together. During an eclipse the corona is photographed with the greatest ease, but when the bright light of the sky and the feeble coronal image meet the plate simultaneously the photographic method breaks down. On account of the inability of the eye or the sensitive plate to detect very small differences in the brightness of various parts of an illuminated object, the methods proposed for observing or photographing the corona in sunlight have almost without exception been based upon some plan of increasing the contrast between the corona plus sky and the sky alone. At the meeting of the American Association for the Advancement of Science, at Brooklyn, in August last, I proposed two new methods of mapping the corona without an eclipse. It is the object of the present paper to describe the more important one of these.methods.
When a bolometer is used with a reflecting galvanometer, it is well known that the galvanometer deflection is always proportional to the intensity of the radiation to which the bolometer is exposed. A moment's consideration will show the importance of this fact in the present connection. Let us suppose that an image of the Sun and its surroundings has been formed by a reflecting telescope, and that we wish to determine the radiation from the region lying outside the Sun's limb with a bolometer. Call S D the deflection obtained when the bolometer is exposed to the sky at a distance D from the limb [D being greater than the radius of the corona) ; C#, the deflection that would be given by the corona alone with the bolometer at the distance R from the limb ; S R , the deflection that would be given by the sky alone at this point. Then if a differential bolometer is used, with one member at the distance V, and the other at the distance R, from the limb, the deflection will be G=C r +(Sx-S d ).
Thus the absolute intensity of the sky radiation is of little importance ; the value of (^-5^) measures the disturbing effect. During a total eclipse S R differs little from S D , and the radiation 1. . 318H 320 GEORGE E. HALE measured would be in large part due to the corona. It is evident that D should be made as small as possible. When good com ditions prevail at great altitudes above the earth, the brightness of the sky does not increase very rapidly as the Sun's limb is approached. In this case (5*-5^) would be small, and the conditions of a total eclipse would be approximated. In any case the conditions are the same as though the sky were black up to a distance D from the Sun's limb. It can therefore hardly be doubted that the .bolometer or radio-micrometer could be employed so as to indicate the coronal radiation, and to distinguish it from that of the Earth's atmosphere. That this opinion is well-founded will appear from a closer examination of the question. Unfortunately our knowledge of the heat radiation of the corona is very slight, but two independent ways of treating the matter lead to results of the same order of magnitude, which will suffice for the present purpose.
In the first place let us consider the intensity of thç corona's light, as determined by photometric measures made during total solar eclipses. Prior to 1878 the brightness of the corona was in most cases estimated by the observer, and it is not surprising that the conclusions differ widely among themselves. An examination of the observations made during total solar eclipses so carefully compiled and discussed by the late Mr. Ranyard 1 shows that few of the earlier estimates can be considered trustworthy. In i860 Mr. J. M. Wilson was able to see the prominences and the lower part of the corona through the base of a wedge of dark glass, which extinguished the light of the full Moon at about its middle part.
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At the eclipse of July 29, 1878, Professor J. W. Langley made some measures of the corona's light at his station on Pike's Peak. At a distance of 1 ' from the Moon's limb the brightness was found to be six times that of the surface of the full Moon, while at a distance of 3' the brightness was only onesixtieth of that previously measured. A number of causes might conspire to produce these remarkable differences. The duration of totality, altitude of the Sun and consequent variation in atmospheric absorption, clouds or haze during totality, and differences in the methods employed are all to be considered, in addition to changes in the corona itself.
1878 was a year of minimum Sun-spots, and at the time of the eclipse spots and prominences were few and small. The photometric measures of Professor Langley were made on Pike's Peak (14,147 feet) on July 29, when the Sun's altitude was over 40
o . The duration of totality was about 2j4 m -During the entire eclipse the sky was perfectly clear, and of a deep blue color. The eclipse of August 29, 1886, occurred during a Sun-spot maximum. Professor Pickering's photographs were made at sea-level in the exceedingly moist atmosphere of the island of Grenada. The duration of totality was about so that the lowest and brightest parts of the corona were covered most of the time. The observations were made through passing clouds, and after 156 seconds of totality the corona was covered with hazy clouds, which rapidly grew denser, so that nothing could be seen 24 seconds later. The Sun was only 20 o above the horizon during the eclipse. Most of the photographic plates were ruined by the moist atmosphere, and the photometric measures made on those that were preserved are surely subject to some uncertainty. The two eclipses of 1889 came in a period of minimum solar activity. On January 1 there were clouds before and after the eclipse, and during totality the corona was seen through a slight haze. The altitude of the Sun was 24 0 6', and the duration of totality about 2 m . The -station of the Lick Observatory party was 2040 feet above the level of the sea. In December the conditions under which the Lick party observed were somewhat similar to those experienced by Professor W. H. Pickering in 1886. The station at Cayenne was 1. . 318H 324 GEORGE E. HALE little above the level of the sea, and the climate was very damp. The altitude of the Sun was about the same as in the eclipse of January. Just before second contact a heavy rain fell, and during totality the conditions were not at all favorable. The plates were developed soon after the eclipse, and it was found that the extreme moisture had not affected them appreciably. They were all greatly over-exposed.
The Cárcel burner used to standardize the plates from which the photometric results in the table for the eclipses of 1889 were deduced, was found to be constant for an hour or more, but u enormous variations occur between the results of different days (so that no results can be drawn from a comparison of plates standardized at different times)." 1 Professor Holden expressly states that until the reductions can be repeated the results are to be regarded as provisional.
It would appear from a comparison of these results that the determinations of the brightness of the corona made by Professors Pickering and Holden are in some respects less satisfactory than the values given by Professor Harkness, though it is not probable that the brightness falls off so rapidly as the law of inverse squares requires. Professor J. W. Langley's observations seem to me quite sufficient to prove that the visual brightness of the corona and sky at a distance of i'.66 from the Sun's limb was at least as great as that of the surface of the full Moon. This differs so widely from the photographic results that one is led to suspect the existence of a maximum of intensity in the lower part of the coronal spectrum. In spite of the meagerness of the data at our disposal it is possible to derive conclusions of some value in this connection.
The few observations made prior to the eclipse of 1878 seemed to show that the polarization of the light of the corona increased toward a maximum in passing outward from the Moon's limb. The proportion of polarized light to the whole light in the former position he determined to be about 0.246. Professor Schuster, while not attaching great importance to these results, assumed the maximum of polarization to.be at just the point observed by Mr. Winter, and calculated the amount of light due to scattering matter uniformly distributed in the corona to be over 90 per cent, of the whole. This assumption of uniform distribution he pointed out to be very improbable, as, if it were* true, the light not due to scattering particles would increase at an extremely rapid rate in going out from the limb. If, on the other hand, the density of the scattering matter varied inversely as the square of the distance from the Sun's center, only about one-half of the light would be due to it. With this law of distribution the light not due to scattering would decrease outward from the limb. Professor Schuster concluded that at the eclipse of 1871 the intensity of the scattered light was probably little more than one-half of that of the total light.
3
At the eclipse of July 29, 1878, Professor Arthur W. Wright made a very thorough visual and photographic investigation of the polarization of the coronal light. None of the photographs gave any trustworthy evidence of a region of maximum polarization at a distance from the limb. On the contrary, many of the plates showed a distinct increase in the intensity of polarization near the limb. With the polarimeter the value of the polarization between 4' and 10' from the Moon's limb was found to be nearly 12 per cent.; between 12' and i8' it was 4.7 per cent.; at 22' there were traces of polarization, but the light was too feeble to permit of measurement. The polarization was nearly while farther out in the corona larger particles would be more numerous. For these particles the polarization would increase outward from the Sun. But as they approached the photosphere they would be greatly reduced in size, or even vaporized ; and in this condition their polarization would probably be sufficient to produce the effect observed. "The inner portions of the corona must be of sufficiently high temperature to be self-luminous, a circumstance which would diminish the apparent percentage of polarization, and in part explain the smallness of its amount. As the light thus emitted must come chiefly from matter in the solid form, its spectrum would be continuous, in the absence of any atmosphere sufficient to produce dark absorption lines. Moreover, as this light is superadded to that which is reflected, it would diminish the intensity of the dark lines of the spectrum, caused by the latter, and render them more difficult of observation-a fact in hârmony with experience."
1
The conclusion thus deduced from polariscopic observations of the existence of incandescent particles in the coronal atmosphere is strengthened by a consideration of the temperature conditions which must exist in the corona.
Mr. Ranyard pointed out in 1891 2 that experiments with great "burning glasses " are sufficient to show that the temperature in the coronal region must be high. Platinum would certainly melt at distances Arthur W. Wright: Wash. Obs. 1876, Appendix 3, p. 280. ^ Knowl. 14, 14.
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but little less than a solar radius. Many of the glowing particles in the lower regions of the corona are thus in all probability liquid ; but the most refractory substances may also be present in the solid state.
It is evident that the scattering effect of the smallest particles in the corona must be most marked for light of short wavelength. If most of the particles within a certain radius are small in comparison with a wave of blue or violet light, the scattered light, could it be observed alone, would probably exhibit a maximum at the upper end of the spectrum. But we have just seen that the scattered light is only a part of the total radiation of the corona. The maximum of intensity in the continuous spectrum of the glowing particles must he displaced toward the red as compared with the spectrum of the photosphere, as the particles are at much lower temperature. The absorption in the upper part of the solar spectrum tends to produce a similar shift of the maximum ; and the spectrum of the scattered light must be added to that of the luminous particles to give the true coronal spectrum. Hence, in spite of the lower temperature of the corona and the fact that the coronal radiation is not subject to the general absorption, the maximum may not be much lower than that of the spectrum of the photosphere. 1 We may safely conclude that the coronal spectrum is of considerable intensity in the yellow, red, and infra-red, and that its heat radiation should be easily measurable. It is strange that but few attempts have been made to measure this radiation during total eclipses. In 1842 Magrini found that the heat of an image of the corona formed by a reflecting telescope was such as to move the index of a Rumford thermoscope half through the scale by the end of totality, while the heat from the full Moon could not be detected with the same apparatus. Unfortunately, Magrini's description of his work does not give all of This suggestion does not seem to have been acted upon, but in 1878 Mr. T. A. Edison exposed his recently invented "tasimeter" to the total light of the corona, and the galvanometer needle was thrown off the scale. In the following discussion of the sensitiveness of heatmeasuring instruments the bolometer alone will be considered, as for it the required data are most readily obtainable. The experiments of Boys and Paschen seem to show that the radiomicrometer may also be advantageously employed, and the thermopile or selenium cell might be modified to meet the special requirements of the investigation. In all of my preliminary experiments I have used bolometers exclusively.
In formed by a silver-on-glass mirror, the aperture of which is not mentioned. With the galvanometer used, a small region near the center of the disk of the full Moon gave a deflection of nearly ioo mm scale divisions.
With similar apparatus we might expect to obtain at least this deflection for the brightest parts of the corona, if the bolometer were used differentially, and S R were equal to S D . As S R^> S D the deflection should be somewhat greater.
It is evident, however, that if we wish to map the corona, so as to show its structure, a much higher "resolving power" will be required. To secure this, the bolometer must be made much smaller, and its greatest dimension should be radial to the Sun. With a 28 mm solar image the bolometer strip might perhaps be 2 mm long (radially) and o mm .5 wide. As much of the coronal structure is radial, or nearly so, such a bolometer would be small enough for a preliminary investigation. Its area would be only of that used by Professor Very, and with an equally sensitive galvanometer the deflection due to the corona alone might not exceed 5 or 6 divisions. Fortunately, however, a galvanometer about 75 times as sensitive as the Allegheny instrument may npw be constructed, and its deflection with the small bolometer should be not less than 350 or 400 divisions. With good conditions of steadiness and freedom from magnetic disturbances, a deflection of ^ division can be determined with certainty. A variation in the coronal radiation of one part in 1500 should therefore be measurable.
1
If such a bolometer were exposed to various parts of the image, the general structure of the corona 1 The differential method to be employed will reduce the effect of variations in the radiation of the Earth's atmosphere to a minimum, as in most cases both bolometers will be affected alike. Irregularities in the curve not due to the corona can be eliminated by repeated experiments. The effect of increase in brightness of the sky toward the Sun's limb will he shown in a gradual change in the length of the mean ordinate of the curve. The resulting effect upon the appearance of the coronal image will be analogous to that produced by the brightness of the sky and diffraction at the Moon's limb during an eclipse. (See Barnard : Lick Observatory Report on the Total Eclipse of January /, 188g, pp. 65, 69; Keeler: Ibid., p. 45).
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330 GEORGE E. HALE could be made out in a manner similar to that employed in 1868 to determine the form of prominences by means of visual observations of the Ha. line with a narrow slit. Although results of some value could probably be obtained by this process, yet it is evident that a much better method is desirable for the purpose of making daily records of the form and structure of the corona. A means of accomplishing this would be to move the bolometer over the coronal image (or the image over the bolometer) in a manner similar to that employed by Professor Langley in his spectro-bolographic work. A photographic plate upon which the spot of light from the galvanometer mirror falls is moved synchronously with the bolometer (or image) at right angles to the direction of the deflection. A curve is thus photographed, whose ordinates measure the heat radiation to which the bolometer was exposed in the corresponding positions on the image. It is perhaps simplest to consider the bolometer to be moving in a circle just outside the Sun's limb. After it has completed one revolution, it is moved out radially a distance equal to its own length, and is then moved through another circle concentric with the Sun. The photographic registration is meanwhile continued with no interruption other than the momentary one due to the shifting of the bolometer. This process is repeated until the entire corona has been traversed by the moving bolometer ; the other bolometer of the pair being maintained in a fixed position on the image of the sky at a distance of from 30' to loo' from the Sun's limb.
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The result will be a nearly continuous photographed curve showing the heat radiation from all points in the corona.
Instead of being moved in a straight line the photographic plate may be rotated about its center.
In fact, the bolometer may be on one side of a disk, and the sensitive plate on the other. This extremely simple arrangement would render complicated synchronizing apparatus unnecessary. A slight modification of the same plan would allow rectilinear motion of the plate.
But if the plate were made to rotate, we would have a series of 1 Preferably in the region of the pole.
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closed curves of increasing radii, whose maxima and minima would enable us to determine at a glance the general form of the corona. The distortion of the curves could easily be removed if necessary.
It will be advantageous, however, to go a step further in order to obtain an image of the corona comparable with an eclipse photograph. Suppose a photographic plate to be placed behind a screen which is illuminated by parallel light from a constant source. In the screen is an opening equal in length to the bolometer strip and variable in width. The screen is mounted upon an axis opposite the' center of the sensitive, plate, and the radius of the circle described by the opening when the screen is rotated is made equal to the radius of the circle described by the bolometer in its motion over the coronal image at the focus of the telescope. The width of the slit in the screen is controlled by the galvanometer curve, which is cut out of pasteboard or other suitable material. It is evident that if the screen is rotated at a uniform speed before the plate and the curve moved at a corresponding rate over the controlling mechanism, the intensity of the photographic action at any point will be nearly proportional (or, by a slight change, inversely proportional, if a positive is required) to the ordinate of the curve at the corresponding point. After the first circle has been photographed, the sliding strip which carries the opening in the screen is moved out through a distance corresponding with the length of the bolometer strip, and the process is repeated with the second section of the curve. Continued repetition of this procedure will give a negative (or positive) of the corona.
Professor F. L. O. Wadsworth, to whom I am indebted for many valuable suggestions, has pointed out that the screen might be fixed at a distance, with a lens interposed to form an image of the uniformly illuminated opening (equal in size to the bolometer strip) upon the photographic plate. The lens is covered by a diaphragm which exposes only a narrow strip across the center. The opening in the screen is placed at a distance from the optical axis of the lens equal to the radius of 1. . 318H 332 GEORGE E. HALE the circle described by the bolometer in its motion around the Sun. The photographic plate is made to revolve at a uniform speed about the optical axis of the lens, and the galvanometer curve, cut out of stiff material, is moved synchronously across the diaphragm in the lens, at right angles to it. The brightness of the spot of light upon the moving plate should thus be inversely proportional to the ordinate of the curve at the point where it crosses the diaphragm. Repetition of the process will gradually build up a positive image of the corona. Many other methods of accomplishing this result will suggest themselves. A very simple one has recently occurred to me. In the first method described above we may replace the photographic plate by a sheet of white paper, and employ, instead of parallel light, one of the "airbrushes" used by photographers in working up bromide enlargements.
In this ingenious little device a stream of air, carrying with it finely divided India ink, is thrown upon the paper. The flow is regulated by pressure of the finger upon a delicate valve. For our purpose the air brush is supported over the opening in the screen (which is made equal in size to the bolometer strip), and the flow of ink is regulated by the galvanometer curve, which is cut out of stiff material, and moved over the valve.
1
It may be urged that the methods suggested are too slow to be of practical value, especially as the bolometer should fnove over its own width in the time of swing of the galvanometer (for this work about ten seconds). To obviate this, several bolometer strips may be mounted end to end, so as to form a compound bolometer extending out from the Sun's limb to a distance of from 20' to 30 T All the bolometers would be differential, as before, the second member being placed outside the corona. As many galvanometers as there are bolometers would be required. In transforming the curves into an image 1 The bolometer might also be moved over the corona in a spiral path or in straight lines ; the transformation methods may be easily modified to conform to these conditions.
A little consideration will show that the galvanometer might be made to record an image of the corona directly upon a photographic plate, if this were thought desirable.
. 318H METHOD OE MATTING THE SOLAR CORONA 333
of the corona any of the processes suggested may be used, with one or several openings in the exposing screen.
The time required for the operation might be still further decreased by using another form of compound bolometer, consisting of a large number of short radial strips mounted in two parallel planes, separated by a thin air space. The members could thus be made to overlap slightly, so that the entire corona would be covered with bolometers. All of these bolometers would be used differentially with one or several galvanometers. The battery current would flow through them constantly, and the galvanometer circuits would be completed by a system of rotating contacts.
As each bolometer would be constantly exposed to the coronal radiation, the difficulties due to exposure of a single strip to rapidly varying heat conditions would in part be obviated, with a consequent gain in the rapidity of the process. The chief objection to the compound bolometer in either form is the impossibility of making all the strips of exactly the same size and resistance. Professor Wadsworth has, however, suggested methods by which this difficulty may be in large part overcome.
In my experiments at the Kenwood Observatory I have carried the preliminary investigations as far as the conditions will allow ; they have dealt chiefly with the construction and testing of various forms of phosphor-bronze, platinum and steel bolometers.
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The location of the Observatory is quite unsuitable for work with the delicate apparatus required. The galvanometer, which is being constructed under Professor Wadsworth's supervision, promises to be even more sensitive than the extremely delicate instruments designed by him for the spectro-bolographic work of the Smithsonian Astrophysical Observatory.
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Such a 1 The bolometers were mounted in a brass tube, provided with a large number of diaphragms, each of which was blackened on the lower and polished on the upper surface. This tube was soldered within another brass tube of much larger diameter, with double walls at the end. Water was constantly passed through the chambers at the end and sides ; the bolometers were thus screened from the radiation of the room, and completely protected from the intense heat of the direct solar image. Only the heat of the corona and sky could reach them through the small openings of the diaphragms.
2 See the February number of this Journal, p. 163.
